In September 2006, the seven-valent pneumococcal conjugate vaccine (PCV7; Prevenar) was introduced into the childhood vaccination schedule in the United Kingdom. We monitored the population of invasive pneumococci in Scotland in the 5 years preceding the introduction of PCV7 by using serogrouping, multilocus sequence typing (MLST), and eBURST analysis. Here, we present a unique analysis of a complete national data set of invasive pneumococci over this time. We observed an increase in invasive pneumococcal disease (IPD) caused by serotypes 1, 4, and 6 and a decrease in serogroup 14-, 19-, and 23-associated disease. Analysis of sequence type (ST) data shows a significant increase in ST306, associated with serotype 1, and a decrease in ST124, associated with serotype 14. There have also been increases in the amounts of IPD caused by ST227 (serotype 1) and ST53 (serotype 8), although these increases were not found to reach significance (P ‫؍‬ 0.08 and 0.06, respectively). In the course of the study period preceding the introduction of PCV7, we observed considerable and significant changes in serogroup and clonal distribution over time.
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Streptococcus pneumoniae (the pneumococcus) is regarded as an opportunistic pathogen, as it may exist asymptomatically as part of the normal flora of the nasopharynx but is also considered an important global pathogen, causing otitis media, pneumonia, septicemia, and meningitis. Pneumococcal pneumonia is a major cause of childhood mortality in the developing world and of adulthood mortality worldwide. Pneumococci can be divided into more than 90 serotypes on the basis of the immunohistochemistry of their polysaccharide capsule. The heptavalent pneumococcal conjugate vaccine (PCV7) is now in use in many countries and contains seven of these serotypes (serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F). Although serotype is important in determining invasiveness (3), several studies have demonstrated that genotype also plays a significant role (19, 44, 45, 48) ; virulence factors of the pneumococcus have now been found to vary in presence and sequence according to serotype (28, 30) and genotype (38, 47) . Multilocus sequence typing (MLST) is a sequence-based typing method that allows division of bacterial species by genotyping of housekeeping genes (13) . This method has resulted in the recognition of over 3,000 pneumococcal sequence types (STs), or clones (http://www.mlst.net/).
Fluctuations in the prevalences of serotypes and genotypes may occur naturally in pneumococcal populations in the absence of conjugate vaccine pressure (43) . We and others have previously reported the clonal expansion of the serotype 1 clone ST306 in recent years (22, 30) . In order to investigate changes in the pneumococcal population prior to introduction of PCV7 in the United Kingdom, we carried out temporal analysis of the invasive pneumococci for the 5 years leading up to the introduction of PCV7. In the United States, clonal expansion (the increase in the number of previously rare clones expressing nonvaccine serotypes) has also been documented (2) . Nonvaccine serotypes have been reported in a number of postvaccine studies (11, 23, 27) . It is not clear whether such changes are directly driven by vaccine pressure or are due in some part to the natural fluctuations that occur in this naturally transformable species.
Here, we show, for the first time, changes in the epidemiology of pneumococcal disease immediately prior to the introduction of PCV7 in a whole country. This has the advantage of providing longitudinal data rather than a population snapshot. We used the eBURST (based upon related sequence types) algorithm to analyze clonal and serotype changes in pneumococcal isolates causing invasive disease in Scotland during the period from April 2001 to April 2006. We observed that trends in incidence of invasive pneumococcal disease (IPD) due to certain serotypes and clones were already occurring prior to introduction of PCV7, namely, that IPD associated with the nonvaccine serotype 1 ST306 clone has increased significantly over the 5-year period and that IPD associated with serotype 14 has decreased. eBURST analysis of each yearly data set has shown that the majority of clones isolated from IPD patients occur transiently and that a small number of stable clones, expressing serotypes represented in PCV7, cause the majority of invasive disease. eBURST analysis has also shown that most clonal complexes (CCs) are associated with one major serotype but that there is evidence for a small number of serotype switch events even in the absence of any conjugate vaccine. It should be noted that the 23-valent polysaccharide antipneumococcal vaccine (PPV23) was recommended for all those aged 65 and over in Scotland midway through the study period (winter 2003-2004) and therefore that the use of this vaccine may have affected the phenotypic and genotypic distributions of IPDassociated pneumococci observed here (37) .
MATERIALS AND METHODS
Pneumococcal isolates. A total of 3,066 pneumococci isolated from blood and cerebrospinal fluids (CSF) from patients of all ages between April 2001 and April 2006 were included in the study. A total of 2,838 of these isolates were available for full characterization by serogrouping/serotyping and MLST. Pneumococci were isolated in Scottish diagnostic microbiology laboratories and sent to the Scottish Meningococcus and Pneumococcus Reference Laboratory (SMPRL) as part of the enhanced pneumococcal surveillance program in Scotland. This collection is considered a complete national data set, as more than 90% of pneumococci isolated from IPD patients in Scotland are sent to the SMPRL (31).
Isolates were stored at Ϫ80°C on Protect beads (Technical Service Consultants, United Kingdom) and were grown on Columbia blood agar plates (E & O Laboratories, United Kingdom) in 5% (vol/vol) CO 2 at 37°C.
Scottish population data. Population figures for each year of the study were taken from the General Register Office for Scotland (http://www.gro-scotland .gov.uk/).
Serogrouping/serotyping. Isolates were characterized at the SMPRL by serogrouping or serotyping, which was performed by coagglutination using reagents from the Statens Serum Institut, Denmark, as previously described (49) . Prior to 2003, serogrouping was routinely performed, that is, the use of typing sera to obtain serotypes (such as differentiation of serotypes 6A and 6B within serogroup 6) was not part of the routine service. MLST. MLST was performed on all 2,838 viable isolates by using the method of Enright and Spratt (13) , but with an automated protocol (51) . Briefly, internal fragments of seven housekeeping genes, aroE, gdh, gki, recP, spi, xpt, and ddl, were amplified using PCR and the nucleotide sequences on both strands determined using a 96-well format liquid-handling robot and an automated DNAsequencing system. Alleles and STs for MLST were assigned with reference to the S. pneumoniae MLST database (http://spneumoniae.mlst.net/). Novel profiles arising from the description of a new allele or new combination of alleles were submitted to the curator of the MLST database and assigned new STs.
Analysis of clonal relationships. Data were divided into five yearly data sets, each spanning from 1 April of one year to 31 March of the following year, and clonal groups were identified in each data set by using the eBURST program (14) . Comparative eBURST analysis was used to identify STs that appeared for the first time in each year and to track the presence of pneumococcal clones throughout the study period.
Analysis of diversity within clonal complexes. The diversity of clonal complexes was assessed using Simpson's index of diversity (46) . This index provides information about community composition, rather than simply species richness, by taking the relative abundances of different species into account and is calculated using the equation Statistical analysis. Statistical analysis of changes in incidence was determined using the Z test for differences in proportions. (92.6%) of the isolates. The remaining 7.4% of isolates were not available for MLST analysis, due to lack of viability after storage. These 2,838 isolates comprised 36 serogroups (45 serotypes) and 368 STs. The mean number of IPD cases per year was 567.6, corresponding to 11.24 cases of IPD per 100,000 individuals in the population annually. The most common serogroups/serotypes and clones (STs) are shown in Table 1 .
RESULTS

The
Serogroups. Table 2 shows the changes in incidence of IPD caused by 14 common serogroups of pneumococci, expressed as percentages of annual incidence. The largest change observed was a 12.5% (P Ͻ 0.0001) increase in the incidence of IPD attributable to serotype 1 pneumococci. Serotype 14-associated IPD fell by 6.36% (P Ͻ 0.005), from 2.39/100,000 to 1.9/100,000 persons, over the study period. Serotype 14 pneumococci caused the majority of IPD in all years except year 5, when the majority of IPD was associated with pneumococci of serotype 1.
Changes in distribution of STs over the study period (2001 to 2006
). The largest change observed over the 5-year period was for ST306 (135.4% increase in the proportion of ST306-associated cases relative to the total number of IPD cases) (Table 3) Figure 1 shows the changes in distribution of serotypes included in PCV7, PCV10, and PCV13 and common non-PCV7 vaccine serogroups over the course of the study. The numbers of IPD cases that could have been prevented by the use of each vaccine formulation were also calculated using vaccine serotypes (Table 4 ). The use of PCV10 could have prevented 298 more IPD cases than the use of PCV7, and PCV13 prevented 226 more cases than PCV10 and 524 more than PCV7 over the 3-year period from 1 April 2003 to 31 March 2006; this is in most part due to the increases in serotype 1 over this period. It should be noted that the coverage and case prevention estimates presented are likely to be underestimates, as no cross-protection for vaccinerelated serotypes has been assumed. It is known that serotype 6A receives cross-protection from PCV7 (34) but that a recently reported serotype, serotype 6C, does not (39, 41) . Serotype 6C capsular genes have been shown to arise from serotype 6A and would be typed as 6A with the use of phenotypic methods (42) ; therefore, it is likely that a proportion of the 6A isolates described here are actually serotype 6C. Serotype 19A does not receive cross-protection from PCV7 (34) and ac- Clonal groups. eBURST analysis of the whole data set reveals that isolates can be split into 52 clonal groups on the basis of their STs (Fig. 2) . We defined a clonal group as having six out of seven identical loci. Figure 3 shows the changes in the compositions of these clonal groups over the 5-year study period, demonstrating the emergence of clonal complexes 9, 53, 124, 162, 180, and 306.
Stable and "new" STs. Thirty-six pneumococcal clones (STs) are represented for every year of the study. We have termed these stable clones (Table 5 ). In order to assess changes in the invasive pneumococcal population, we also tracked the numbers of STs associated with IPD for the first time in each year and their relationship to existing clones. The majority of STs that are observed for the first time are of the same serogroup as their single-locus variants (SLVs) (data not shown). Table 6 shows those new STs that differ in capsular type from their related SLVs. Many of the "new" clones are not stable over the study period but instead can be considered "transient" clones.
Diversity ratio. Simpson's index of diversity (46) was calculated for the clonal complexes containing the largest numbers of isolates. The closer the value is to 1, the more diverse the clonal complex is. By this method, group 3 (CC113) is the most Table 7 .
DISCUSSION
In the course of the 5-year study period, during which a conjugate pneumococcal vaccine was not yet included in the childhood vaccination schedule, we observed considerable and significant changes in serogroup and clonal distributions over time among isolates from patients of all ages with invasive pneumococcal disease. Although 368 different STs were observed during the study, only 9.8% (n ϭ 36) of these clones are "stable clones" and were associated with IPD in every year of the study. These 36 clones accounted for more than 78% of the isolates (2,241/2,838 isolates). Of the remaining 332 STs, 220 were isolated from IPD patients in only one study year. We observed that the most-common clones were stable, occurring in large numbers each year. Single-and double-locus variants of these clones were observed, some of which persisted, whereas others appeared only transiently. During the 5 years of our study, a decrease in the incidence of IPD caused by serotype 14 was observed, although this serotype remained the most common cause of IPD in Scotland over the whole period. There was also a slight rise in the number of cases of IPD in which serogroup 19 was present.
Many new STs are observed each year and seem to form a pattern of natural background fluctuation. Often, new STs do not persist within the population, suggesting that they are outcompeted by other clones. An exception to this has been the 135.4% increase in IPD caused by the serotype 1 ST306 clone over the 5 years of the study. The rise of IPD caused by this serotype has previously been noted (30) . Although serotype 1-associated IPD has increased in Scotland, the outcome associated with such infections appears to be less severe than those associated with other serotypes (26) . IPD associated with ST162, -53, -227, -180, -218, -191, -199, and -9 has also increased over the study period (Table 3) . None of these increases were significant, although the increase in ST53 (31.25%; P ϭ 0.0561) was approaching significance. As expected, new STs observed are most commonly of the same serogroup as closely related clones, i.e., members of the same clonal group. However, there are instances where a clone is observed for the first time in our data set and expresses a serotype different from that of its SLV(s) ( Table 6 ). In the majority of these cases, vaccine types are replaced by vaccine types and nonvaccine types by nonvaccine types. The exception is with the appearance of an ST1304 clone of serotype 11A. ST1304 differs at the spi allele from ST124, which commonly occurs as serotype 14. This is an example of a change capable of facilitating vaccine evasion occurring within a clonal group. Certain clones appear to be well adapted to invasive disease and persist over time and space, while certain other clones, such as ST306, are able to undergo clonal expansion over just a few years. The ability of pneumococci to undergo such expansion is worrying in the face of serotype replacement in the era of conjugate vaccines. The patterns of change reported here reflect only invasive pneumococcal disease; changes in the serotypes and genotypes of circulating pneumococci carried in the nasopharynx may not be represented by these data.
We assessed the coverage of PCV7 and of the 10-and 13-valent conjugate vaccines. Coverage of 10-and 13-valent PCVs increased over the study period, and this increase was due to the increasing contribution of ST306 serotype 1 pneumococci to IPD in Scotland over the 5 years of the study. PCV7 was introduced into the childhood vaccination schedule in the whole of the United Kingdom, including Scotland, in September 2006 and has successfully reduced IPD in vaccinated children, and as yet, no serotype replacement has been observed (24) (http://www.hpa.org.uk; updated 25 November 2009). It should be noted that the introduction of PPV23 in Scotland differed from the phased 3-year vaccine introduction for 10-year age bands (beginning with those aged 85 years and over) that was adopted in England and Wales and was completed in 2005/2006. The possible impact of PPV23 on the serotype and genotype distributions of invasive pneumococci should be considered when the data presented here are interpreted, although there is increasing evidence regarding the lack of efficacy of PPV23 in prevention of adult pneumonia (25) and there are conflicting data regarding its efficacy against IPD (25, 36) .
Fluctuations in serotype distribution in the absence of conjugate vaccine have been described for other countries (15, 21, 43) ; such variations should be taken into account when the effects of PCVs are evaluated and when further licensed or investigational conjugate vaccines are considered. Global travel, including that for business, tourism, and migration, is increasing, and the European population is traveling more freely; therefore, it is possible that the use of PCV7 in other countries could also be a factor affecting the strain distribution observed for Scottish IPD. The ability of antibiotic-resistant pneumococci to undergo clonal expansion under selective pressure is well documented, and although an analysis of antimicrobial resistance has not been included here, we have previously shown that resistance is low among Scottish IPDbased isolates and confined to particular clones, for example, the erythromycin-resistant serotype 14 ST9 clone (50) . For this reason, it is reasonable to presume that expansion under selective pressure is not a primary driving force for the fluctuations that we observed. This study has focused only on invasive pneumococcal isolates, but in order to gain a more complete picture of circulating pneumococcal population, it is important to carry out similar longitudinal molecular analyses of carried pneumococci. Global use of conjugate vaccines will cause profound changes in the pneumococcal population over the coming years, and monitoring of the population by using molecular methods will be vital if we are to respond to changes in the population of this organism.
